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X-ray imaging techniques are powerful tools for understanding morphology, transport and even
reactions within the electrochemical energy systems. Transmission X-ray microscopy (TXM) and
X-ray computed tomography (CT) have been widely used in ex-situ studies to probe morphology
of electrochemical energy materials. Emerging operando studies highlight the possibility of
imaging energy materials and devices under realistic operating conditions. We present an overview
of recent advances in the X-ray CT methods with application to fuel cells, batteries and other
energy technologies, and describe how the information obtained with multimodal imaging is used
within the multi-scale computational models. Overall, the progress in imaging outran the modeling

progress, and current models are limited in their utility to incorporate vast amount of multimodal

image data.
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1. Introduction
Sustainable energy infrastructure requires broader incorporation of intermittent energy sources.
Scientific advances in battery, redox flow-battery, electrolyzer and fuel cell technologies for grid-

based, transportation and portable applications, as well, as cost-reduction are needed to meet the



future targets of clean, affordable net-zero emissions energy infrastructure [1]. The
electrochemical energy-conversion and —storage technologies rely on porous, heterogeneous,
multi-scale materials for charge storage and transfer. Structure-property relations of these
materials strongly depend on knowledge of three-dimensional morphologies. Overall,
performance of electrochemical energy-conversion and storage devices depends on species
transport through the porous materials, as well as, the materials response to thermal,
electrochemical and mechanical inputs.

Three-dimensional imaging techniques, such as X-ray computed tomography (CT) offer
unprecedented insight into the internal workings of these devices and corresponding material
morphologies [2-12]. X-ray beam focused by a condenser or zone-plate onto a sample, is
transmitted through the sample to reach the scintillator, with resulting image to be captured with
charge-coupled device (CCD). The sample has to rotate at least 180 degrees to achieve sufficient
information for 3D reconstruction. Synchrotron radiation transmitted with bright X-ray sources
allows for nanometer spatial resolution [10, 13, 14], sub-second dynamic CT imaging [5, 15],
and/or chemical information [14, 16] (Figure 1). As shown by Figure 1, chemical mapping is
possible during CT imaging by using X-ray absorption spectroscopy (XAS). In this technique the
X-ray energy of incident beam is scanned across an absorption edge of element of interest to
understand its oxidation sate and other chemical properties. Optimization of spatial, temporal and
chemical imaging dimensions is critical for electrochemical energy systems, as generally only two
out of three can be sufficiently satisfied for a given experiment (Figure 1). For example, X-ray
absorption near edge structure (XANES) technique requires longer times for imaging as one scans
over fine energy resolution near absorption edge of an element limiting temporal resolution. With

the current advances in X-ray imaging with micro-CT one is able to achieve ~1 um resolution with



sub-second scan [15]. To achieve nano-scale resolution specialized optics in form of either Fresnel
zone plates or multilayer coated Si mirrors in Kirkpatrick-Baez (KB) configuration are needed to
focus X-ray beam into a nanometer spot size [17]. Generally, additional optical elements on the
beam’s path reduce its intensity, what results in longer scan-time. To reach 30 nm resolution with
Fresnel zone-plates configuration the scan-time is approximately 20 minutes. However, Yang et
al. [18] have shown that with deep convolutional neural networks it is possible to reduce scan-time
by an order of magnitude. Villanova et al. demonstrated break-through in pixel size vs. scan time
with resolution <100 nm obtained in less than 10 s scan with KB mirrors set-up [17]. These
developments happened in the last year and are extremely important for electrochemical energy-
conversion and —storage systems, as they pave the way to operando experiments.

Less effort was put forward to develop modeling frameworks that interpret and
complement imaging data to engineer better energy materials, components and devices. To date,
most of the effort is focused on using 3D models to extract morphology-dependent effective
transport properties from the X-ray CT data. These are effective diffusivity, thermal, electric and
ionic conductivity, gas and liquid permeability. Current challenges are in bridging the scales from
nano- to micro- and synergistic use of morphologies from nano and micro X-ray CT imaging.
Building higher-fidelity models that are able to couple information from multiple imaging sources,
or combine chemical, mechanical and morphological inputs is an additional challenge. [5, 19, 20,
21]. In this paper we provide an overview of integration of X-ray CT imaging data and models to
synergistically correlate structure-property relations of energy materials and their behavior within
energy devices. The main focus of the review is the literature data from the period of 2016 to 2018

with several key works prior to that.
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Figure 1. X-ray CT technique optimized along three parameters: chemical, spatial and temporal.
The goal of the TXM to optimize these three parameters for a given experiment. Spectroscopic
microscopy aims at quantifying chemical state of material in addition to 3D imaging. XANES and
X-ray fluorescence (XRF) are two most commonly used techniques for spectroscopic imaging.
Spatial dimension optimization enables visualizing <100 nm features, such as morphology of
battery electrodes [11]. Reprinted with permission from [11], copyright 2017, Elsevier. Temporal
dimension enables fast imaging to capture dynamic phenomena, such as oxygen bubbles evolution
in electrolyzer with 100 ms exposure radiography-mode [5]. Reprinted with permission from [5],
copyright 2018, Elsevier.

2. X-ray CT Imaging Studies for Electrochemical Energy Systems
One of the advantages of the X-ray CT is that it is an ambient technique and it enables studying
in-situ and operando processes in electrochemical energy devices [2]. Wide spectrum of time and

length scales can be accessed with hard X-rays from nano to millimeters and on temporal scale

from hours to subseconds depending on the lab-scale or synchrotron beamline capabilities. In-situ



observations of electrochemical system subjected to various driving forces, such as thermal,
electrochemical, mechanical are extremely valuable as they can guide the design of energy
materials [17]. Operando systems require complex sample holder designs to accommodate various
inputs, such as electric fields, temperature, mechanical forces, gasses, relative humidity [12]. Table
1 outlines the advantages and disadvantages of ex-situ, in-situ and operando techniques. Broadly,
X-ray CT studies of electrochemical energy systems can be quantified into four categories
depending on experiment complexity and the target data acquisition:
(a) Quantifying materials morphology with ex-situ studies [4, 22-25]
(b) In-situ single or multiple driving forces to understand transport and degradation of
materials (e.g. compression [7, 8, 26], thermal [27], water activity gradient [28], )
(c) In-situ simulated actual process of energy-conversion or —storage device with either
limited other components or half-cell. [24, 29-33]
(d) Operando study of device behavior under electrochemical, thermal, mechanical stimuli.
[5, 34-39]
Here we highlight each category with a representative study. Kok et al. used ex-sifu nano X-ray
CT to characterize the morphology of electrospun carbon fiber mats for redox flow-batteries [22].
Shum et al. studied the effect of thermal gradients on water distribution within porous carbon
layers for fuel cells applications with in-situ setup [27]. Harry et al. used symmetric Li-metal
battery to observe subsurface Li structures forming as the cell is cycled [32]. Finegan et al. used

operando high-speed, micro X-ray CT to capture thermal runaway of batteries. [34]

Table 1. Pros and cons for ex-situ, in-situ and operando techniques in terms of the final
information obtained and difficulty of the technique.

\ Technique EXx situ In situ Operando




Nano and
micro X-
ray CT
Chemical
mapping

Dynamic
imaging

Pros: Ease to handle
the sample; finite
dimensions of sample;
can extract
morphology

Cons: Limited
information as no
stimuli

Pros: Ease to mount
and handle sample;
can rotate fast and
multiple revolutions

Cons: dynamic studies
are generally not
useful for ex-situ
samples

Pros: Well-defined
driving force; can
extract morphology and
additional dimension;
sample holders are
relatively easy to handle

Cons: One or two
driving forces; not
actual conditions;
sample can fall outside
FOV if holder is large

Pros: Well-defined
driving force; sample
holders without tubing;
fast rotation possible

Cons: One or two
driving forces

Pros: Physics phenomena and
material behavior under
operating condition; multiple
stimuli

Cons: Beam damage as more
components present; sample
holders are very difficult to
make; sample stability

Pros: Multiple stimuli;
dynamic behavior of full
systems under study

Cons: Need for slip-ring as
tubing and electric contacts
need to rotate multiple
revolutions and as fast as the
rotating stage does;
challenging sample-holder
design to accommodate high
signal to noise ratio.

Combined chemical information (via XAS or XRF) with X-ray CT or X-ray radiography

is a new paradigm in energy-conversion and —storage characterization. During electrochemical

experiment chemical mapping can be used to differentiate elements within fuel cell catalyst layer,

Li intercalation into active material, degradation phenomena, batteries state-of-charge, oxidation

state of active material and many more. For electrochemical energy-conversion and —storage a

combination of TXM and XAS, and XRF proved to be useful to understand:

(a) Batteries: over-lithiation in cathode materials, where particles undergo significant

cracking [16]; difference in micrometer cathode particles state-of-charge [40, 41]; salt distribution

in electrolyte [19].




(b) Fuel cells: Pt migration during degradation in polymer electrolyte fuel cells (PEFCs)
with operando CT and XANES [42]; distinction of Ni phase in solid oxide fuel cell [43].
Outside XAS and XRF, in situ Bragg coherent diffractive imaging (CDI) is a promising technique
to be coupled to TXM to map three-dimensional strain in metal oxide particles within operating
battery [44].

3. Model inputs from imaging data

In electrochemical energy-conversion and —storage X-ray CT serves mostly as a tool to extract
morphological information from the ex-situ studies [45, 46]. As shown by Figure 2 image stack
obtained with X-ray CT is thresholded (with Otsu or other algorithms) to obtain morphologically
separate phases, such as solid and void. This procedure is possible because of different grey-scale
values of solid and void, and the separation of phases is achieved by selecting a threshold value on
grey-scale histogram. Further, as shown by Figure 2 computational meshes are generated on the
representative elementary volumes (REV) to couple the morphology with species transport and
current densities [47]. The following type of data is commonly extracted from images that can be
used as an input to various types of models:

(a) Morphological parameters such as porosity, tortuosity, size-distributions, connectivity,
surface area etc. Effective geometrical transport properties based on morphological
information [7, 48-52].

(b) Transport properties that are not directly extracted from morphological data [5, 19, 20].

(c) Chemical or mechanical information [53] [54-56].

Currently, the first category is the most dominant in terms of model inputs.
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Figure 2. X-ray CT imagé analysis and data extraction flow-chart. Grey-scale histogram is used to
convert grey-scale images into thresholded image-stack. From this binarized image-stack
morphological information is extracted, such as porosity, tortuosity, size distribution and ellipsoid
factor [7]. Reprinted with permission from [7], copyright 2016 Elsevier. Representative
elementary volume (REV) is also selected from the thresholded image to perform computational
modeling [57]. Reprinted with permission from [57], copyright 2016 Elsevier. For modeling a
geometric surface or volumetric mesh over the computational domain is created.
4. Modeling frameworks for electrochemical energy technologies

X-ray CT images are used as direct numerical domains for computational simulations. Through
using X-ray CT data as modeling computational domains understanding of morphological
properties on multiphysics can be obtained. Most of the electrochemical porous materials are of
hierarchical nature [58], requiring scale-bridging frameworks and imaging data inputs from both
micro and nano-scales. For transport simulations through the porous domains obtained through the

X-ray CT, direct numerical simulation methods include: computational fluid dynamics (CFD) [59,

60], Lattice-Boltzmann (LB) [48, 61] or pore-network models (PNM). As shown in Figure 2 it is



critical to select a modeling domain that is representative of the overall porous media studied.
Studies aimed at identifying the minimum volume of the REV are necessary and serve as
intermediate step between imaging and actual multiphysics simulations. [48, 57, 62, 63].

Here, several of the critical modeling frameworks are outlined. Cetinbas et al. [64] used
inputs from multi-modal imaging techniques (X-ray CT and transmission electron microscopy) to
create multi-scale domain and studied transport in PEFC catalyst layers using CFD method.
Landesfeind et al. used battery electrode tortuosity values form the X-ray CT data to compare those
from electrochemical impedance spectroscopy method [23]. Torayev et al. used PNM to
understand interconnectivity of pores for Li-oxygen cathode and electrochemical performance
(galvanostatic discharge profiles) dependence on cathode morphology [65]. Kashkooli et al.
performed mechanical simulations on LiMn204 electrodes obtained with nano X-ray CT. [47]
Kashkooli et al. also used X-ray absorption and phase-contrast imaging to extract active domain
and carbon binder of LisTisO12 cathode and performed CFD simulations for both transport and
electrochemistry. Latz and Zausch [66] coupled microscale and cell scale levels for studying
thermal behavior of lithium ion batteries, where localized heat distribution is solved with 3D
microstructure-resolved simulations, and overall continuum-scale model resolves heat

distribution.

5. Conclusions and Future Outlook
Currently, imaging data generation in electrochemical energy systems outruns data utilization.
Historically, analytical tools and CFD volume-averaged models provided sufficient information
for engineering energy-conversion and —storage materials and devices. However, as durability,

stability, safety concerns became more pronounced, a need emerged for complex models that



capture micro- and nano-scales phenomena in a holistic way. Industrial deployment of energy
technologies requires most optimal and cost-effective designs that can no longer be predicted with
analytic or volume-averaged CFD models. Over the next several years we will witness the rise of
multi-scale modeling frameworks that feed of multi-modal images. Critical to the development of
these frameworks are upscaling algorithms to convey information from nano- to macro-scales.
These algorithms are widely available in geo-sciences community [67], where transport coupled
reactions in porous rocks is studied. The tremendous progress of multi-scale modeling in geo-
sciences community is due to their samples complex morphology and chemical composition,
where conventional analytical and numerical tools are not easily applicable. Figure 3 summarizes
the existing frameworks in electrochemical energy community that are developed to incorporate
X-ray CT information. Figure 3a shows thermal transport resolved with direct numerical
simulations (DNSs) on microstructure obtained with X-ray CT and upscaled to continuum-level
model. To resolve fine water transport in porous domains of fuel cells PNM is used and the results
are upscaled into continuum-level cell model (Figure 3b). Alternatively, two length-scales can be
bridged within the either PNMs or DNSs by incorporating finer meshes in sub computational cells
(Figure 3c and d). With improved computational tools, high fidelity models can be developed with
plurality of inputs from imaging sources to guide the design of materials for energy technologies.
The models will have to accommodate not only the morphological information but also various

chemical and mechanical inputs, a field of modeling that is still at its infancy.
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Figure 3. Examples of upscaling frameworks in electrochemical energy systems. A) Micro-scale
DNS coupled to continuum cell-level model for batteries thermal distribution [66] (open source).
B) PNM coupled to continuum-level model [69], (Reprinted with permission from [69],
copyright 2015 Elsevier). C) PNM with two levels of meshing [68], (Reprinted with permission
from [68], copyright 2017 Elsevier) D) and DNS on both scales (Unpublished data).
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